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Gaseousn-hexylsilane (C6H13SiH3), n-octylsilane (C8H17SiH3), andn-octadecylsilane (C18H37SiH3) have been
vapor deposited in ultrahigh vacuum (UHV) on freshly evaporated gold surfaces to form monolayers. Surface
sensitive X-ray photoemission studies utilizing synchrotron radiation in the 160-3 eV range have been
used to characterize these systems. Analyses of the C 1s, Si 2p, and Au 4f and valence band regions permit
a structural assessment of the monolayer. The full width at half-maximum of the Si 2p and C 1s core levels,
0.4 and 1.2 or 1.1 eV, respectively, suggest the monolayers are chemically homogeneous. The intensity variation
of the Au 4f and Si 2p core levels at different photon energies indicate the surface coverage of the monolayer
is ∼96% and the chain orientation is upright on the surface, not parallel to the surface. The valence band of
the alkylsilane monolayers exhibit features at∼-13.2,-14.6,-16.3,-17.6, and-18.9 eV that agree well
with those observed for alkyl chains of the same length.
Introduction
The structure of thin films and monolayers on metal surfaces
is critical to many industrial processes.1 Alkylsilanes (H2n+1Cn-
SiH3) have been shown to form monolayers on Au when
deposited under UHV conditions at room temperature through
Si-H bond activation.2 However, the initial studies provided
limited information regarding orientation of the alkyl chains.
On the basis of recent literature precedent, two general structural
models must be considered. Alkanes have been observed to lie
flat on a gold surface and are believed to bind via physisorbtion.3
By way of contrast, Me3Si-substituted alkanes are observed to
stand upright and are proposed to have a pentacoordinate silicon
atom and a covalent Si-Au bond.4 The H3Si-substituted alkanes
utilized in this work fall in the middle of these two examples
in terms of steric effects. However, as determined by X-ray
photoelectron spectroscopy, the H3Si groups are quite reactive
with the gold surface and it is proposed that all three Si-H
bonds are broken and replaced by Si-Au bonds to give a
tetrahedral RSiAu3 center.
In this paper, X-ray photoemission core level and valence
band data are used to assess the structure of the RSiH3 derived
monolayers and the degree of surface coverage. The full-width
at half-maximum (fwhm) of the Si 2p and C 1s core levels
indicate that each of these atoms exists in a homogeneous
environment in the monolayer. The valence band spectra of the
monolayers are consistent with the alkyl chains remaining intact
upon reaction of the Si atom with the Au surface. The
attenuation of core level photoelectrons as a function of incident
photon energy (160-360 eV) has been used to determine the
extent of surface coverage and the orientation of the alkyl chain
with respect to the Au surface.
Spectroscopic techniques affording a high degree of surface
sensitivity are necessary to investigate the structure and com-
position of thin films and monolayers. X-ray photoemission
spectroscopy (XPS) with a conventional source probes the first
∼50 Å of a material. Although this allows examination of the
near surface region, information specific to the chemical
environment of the atoms at the surface/vacuum interface may
remain unobserved due to the intensity of the bulk features.
Several methods have been developed to enhance the surface
sensitivity of XPS, though almost all have a drawback.5,6 The
surface sensitivity of XPS can be greatly improved by employing
a synchrotron source. By employing a photon with an energy
tens of electronvolts (eV) above the threshold energy of the
core level of interest, one can minimize the escape depth of the
photoelectrons, resulting in a reduction in the signal from the
bulk substrate. For example, in this work utilizing photon
energies between 160 and 360 eV, we observed Si 2p core level
photoelectrons emitting with kinetic energies between 60 and
260 eV. For the sake of comparison, when a conventional Mg
KR source is used, the emitted photoelectron has an energy of
∼1154 eV. This difference in emitted photon energy directly
correlates to a∼5-10 Å as opposed to∼50 Å sampling depth,
respectively. In addition, photoelectron cross-sections are energy
dependent and desired core levels can be maximized through
the proper selection of photon energy.7 This is useful when
attempting to study the valence band region or a core level with
a small photoelectron cross section when typical X-ray sources
are used.
Experimental Section
n-Hexylsilane (H13C6SiH3), n-octylsilane (H17C8SiH3), and
n-octadecylsilane (H37C18SiH3) were purchased from Gelest, Inc.
(Morrisville, PA), loaded into UHV compatible tubes and
underwent multiple freeze-pump-thaw cycles prior to use.8
Samples consisted of Si wafers onto which a thin Cr layer
was evaporated, followed by∼1500 Å of Au. A fresh Au layer
was evaporated in vacuo prior to exposure. Sample cleanliness
was assessed by XPS. Dosing was accomplished by backfilling
a chamber with the desired alkylsilane using a variable sapphire
leak valve. Evaporation of Au and alkylsilane exposures were
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performed in separate chambers. All reactions were performed
at room temperature (∼20 °C).
XPS was performed at beamline U8B at the National
Synchrotron Light Source using monochromatic light. The
beamline and endstation have been previously described.9
Evaporation of Au and dosing were performed in separate
chambers isolated by gate valves. Photon energies between 160
and 360 eV were employed. Spectra were referenced to the
binding energy of the Au 4f7/2 core level at-84.0 eV. The
position of the sample was not altered between the collection
of spectra at various photon energies. The instrumental resolu-
tion is estimated to be<0.20 eV.10 The precision of the core-
level fits, and therefore of the binding energies reported, is
<0.05 eV. Note that we are using two different incident photon
energies to obtain the Si 2p and C 1s core level data (160 and
342 eV, respectively). The difference in the fwhm of the incident
photons at these energies, coupled with the fact that Si 2p and
C 1s have differing natural line widths, prevents the magnitude
of the fwhm values for Si 2p and C 1s from being meaningfully
compared to one another.
Results and Discussion
Photoemission data can be utilized to extract useful physi-
cochemical information on the overlayer and the substrate. The
binding energies of the core levels can be used to determine
the chemical composition of the monolayer. In addition, the
fwhm of the core levels is sensitive to the chemical environment.
When data are acquired on a core level at various incident
photon energies, depth profiling based on the attenuation length
of the photoelectron can be performed. This allows conclusions
to be drawn regarding the orientation of the alkyl chains in the
overlayer.
Chemical Composition and Structure.The Si 2p core level
(hν ) 160 eV) consists of a spin-orbit doublet (for hexylsilane
Si 2p3/2 ) -99.7 eV, for octyl- and octadecylsilane Si 2p3/2 )
-99.8 eV), as does the Au 4f core level (Au 4f7/2 ) -84.0 eV)
(Figure 1B).11 In each case, the C 1s core level (hν ) 342 eV)
is apparent as a single feature at∼-285 eV (Figure 1A). The
valence band region (hν ) 160 eV) is dominated by features
arising from the C 2s and 2p orbitals of the alkyl chain (-10-
20 eV) as well as the Au 5d electrons (∼-3-6 eV) (Figure
1C). The feature ascribed to the Au 6s at∼0 eV is visible even
after reaction with the alkylsilane (seen more clearly in Figure
4). On the basis of the lack of change in the appearance of this
feature after reaction, we propose the Au 6s orbital is not
involved in the Si-Au bonds. As surface gold hydrides are not
stable at room temperature,12 the most likely fate of the hydrogen
is reductive elimination as H2. Key data related to the alkyl-
silanes are summarized in Table 1. As these are the features
that will be used to examine the formation of the monolayer on
the surface and determine the thickness, a more thorough
discussion of the nuances of the spectral regions is warranted.
As seen in Figure 2, the splitting arising from spin-orbit
coupling is readily apparent in the Si 2p core level data obtained
with a photon energy of 160 eV. The Si 2p3/2 feature is at
Figure 1. (A) C 1s core level, (B) Si 2p and Au 4f core levels, and (C) valence band region for (1) octadecylsilane, (2) octylsilane, and (3)
hexylsilane monolayers on (4) Au. The binding energy has been referenced to Au 4f7/2 ) -84.0 eV. The decrease in the intensity of the Au 4f and
Si 2p core levels observed in B (1-3) can be accounted for by the attenuation of the photoelectrons through the hydrocarbon overlayer.
Figure 2. Si 2p core level for (A) octadecylsilane, (B) octylsilane,
and (C) hexylsilane on Au. (D) Si 2p core level for clean Si(100)-
2×1. The Si atoms of the alkylsilane monolayers are in a homogeneous
chemical environment, as indicated by the narrow fwhm of 0.4 eV and
the dramatic spin-orbit splitting as compared to the clean Si(100)-
2×1 surface.
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∼-99.7 eV for the hexylsilane monolayer and∼-99.8 eV for
the octyl- and octadecylsilane monolayers. The observed full
width at half-maximum (fwhm) for each of the silane-based
monolayer Si 2p core levels is 0.4 eV. This is∼0.1 eV narrower
than the typical fwhm observed for bulk, crystalline Si using
the same beamline and monochromator. To evaluate the
implications of the fwhm for the alkylsilane monolayers, both
initial state13 and final state14 effects must be considered. For
comparison, the Si 2p core level of a clean Si (100)-2×1 sample
is included (Figure 2D). The spin-orbit splitting for crystalline
Si(100)-2×1 is not as well resolved due to the presence of Si
atoms in different chemical environments (initial state effect)
near the surface.15 Si atoms at the surface have slightly different
binding energies (the asymmetry observed to the low binding
energy side of Figure 2D) than the bulk atoms. These shifts are
to both higher and lower binding energy. In addition to
considerations of local geometry (initial states), inclusion of final
state effects is critical to the accurate calculation of the direction
and magnitudes of the binding energy shifts of these features
with respect to the bulk Si peak.16 The sum of the initial and
final state effects results in the binding energy of the Si 2p1/2
core level for the surface states to be between the peaks of the
bulk Si atoms. Thus, the surface states obscure the observation
of two distinct features on the Si(100)-2×1 surface. Features
with binding energy shifts less than the experimental resolution
are unresolved and contribute to an increase in the fwhm of the
core level.
The narrow fwhm observed for the alkylsilane-based mono-
layers is an indication of the homogeneity of the chemical
environment of the Si on the Au surface (initial state). If multiple
bonding environments were present, the fwhm for the Si 2p
core level would be wider, as observed for Si(100)-2×1. The
narrow fwhm and the absence of two or more discrete Si 2p
features also indicate that multilayers have not formed. If
multilayers had formed, Si atoms in the overlayers would not
be bonded to the Au surface and, in addition to being in a
different chemical (initial state) environment, would also be in
a different physical (final state) environment than those Si atoms
bonded to the Au surface. On the basis of an estimated∼11 Å
layer thickness, final state perturbations to the binding energy
are predicted to exceed 1 eV in magnitude.17 A binding energy
shift of this magnitude would result in the presence of another
peak in the Si 2p spectrum as this shift is far greater than the
0.4 eV fwhm observed for the Si atoms in the monolayer.
Also noteworthy is the binding energy of the Si 2p core level
for the silane-based monolayers in comparison to that of the
clean Si surface. The Si 2p core level of the monolayers has a
binding energy that is similar to the clean Si surface (-99.3
eV). This suggests the reaction between the silane and the Au
surface occurs through the activation of all three of the Si-H
bonds. Silicon hydrides on surfaces are known to exhibit a
binding energy shift of between 0.3 and 1 eV to higher binding
energy.18 Recent photoemission studies of alkanes chemisorbed
to Si(111) report a binding energy shift of 0.2-0.3 eV to higher
binding energy for the Si atoms bonded to the carbon atom.19
The decrease in the intensity of the Si 2p and Au 4f core
levels with increasing alkyl chain length (Figures 2 and 3D-
F) is critical to the assessment of the gross bonding geometry
of the alkylsilane on the Au surface. The Au 4f and Si 2p core
levels are diminished to the same degree in each of the spectra
presented, whereas the intensity of the C 1s core level increases
with increasing chain length. This indicates that the Au and Si
photoelectrons must traverse a thicker overlayer to escape the
surface. The ratio of the integrated peak area for the C 1s core
level for the alkylsilane monolayers is 6:8:12 for hexylsilane
to octylsilane to octadecylsilane.20 The lower than expected
value for the octadecylsilane is consistent with the attenuation
of the C 1s photoelectrons from near the Si/Au interface.21 The
electrons ejected from these buried C atoms must traverse an
overlayer of approximately the same thickness as those arising
from the Si and Au atoms. This attenuation of the photoelectrons
will be examined in detail later in this paper.
As enumerated in Table 1, the fwhm of the C 1s core level
decreases by 0.1 eV as the length of the alkyl chain increases
from eight carbon atoms to eighteen. Several factors likely
contribute to this narrowing. The most rudimentary explanation
is more of the carbon atoms of the alkyl chain are in a
chemically homogeneous environment. A similar argument can
be made for the chains being ordered in the monolayer. If the
alkyl chains are ordered, a more homogeneous chemical
environment exists for the C atoms. Another factor that can
influence theapparenthomogeneity of the feature is the degree
to which the photoelectrons emitted from Si-CH2 are attenuated
by the overlayer. The methylene group has a unique local
chemical environment that could result in a binding energy shift
that would increase the fwhm of the C 1s core level.22 As the
length of the alkyl chain increases, the attenuation of the
photoelectrons from the Si-bound methylene will also increase.19
Least-squares curve fitting of the C 1s data gives reasonable
fits when a single function is fit to the data. Each of the spectra,
however, exhibit an asymmetry toward the low binding energy
side of the C 1s feature.
The valence band spectra of the dosed samples are distin-
guished by the appearance of features between∼-10-20 eV
and the dramatic change in the appearance of the peaks at
∼-3-6 eV. These low binding energy features are most readily
assigned as a convolution of the C 2p and the Au 5d levels. No
discernible feature has been correlated to either the Si 3s or the
Si 3p orbital; however, they should also be manifest in the-1
to -4 eV region. The feature between-12 and-20 eV arises
TABLE 1: Selected Curve Fitting Parameters for the
Alkylsilane Monolayers on Au
H13C6SiH3 H17C8SiH3 H37C18SiH3
Si 2p3/2 BE (eV) -99.7 -99.8 -99.8
Si 2p fwhm 0.4 0.4 0.4
C 1s BE (eV) -284.7 -284.9 -285.0
C 1s fwhm 1.2 1.2 1.1
C 1s area 6 8 12
Figure 3. C 1s and Au 4f core levels for octadecylsilane (A and D,
respectively), octylsilane (B and E) and hexylsilane (C and F) on Au.
The fwhm of the C 1s core level decreases from 1.2 eV for the
hexylsilane to 1.1 eV for the octadecylsilane. As the intensity of the C
1s core level increases with longer alkyl chain, the intensity of the Au
4f core level diminishes.
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from the C 2s orbitals of the alkyl chains (Table 2). Comparing
the C 2s feature to that of straight chain alkanes of the same
length is informative. Four features are observed for octane in
the C 2s region of the valence band spectra, whereas five are
observed for hexane.23 The binding energy at which the features
are observed for each of the respective alkanes is indicated in
Figure 4 (vertical lines) with respect to the valence band for
the alkylsilane monolayers. As demonstrated by the data in
Figure 4, there is a high degree of correlation between the peaks
observed in the spectra of the solid alkane and those of the
alkylsilane monolayers. As the structure of the C 2s feature is
dependent on the number of C atoms present in the chain, the
observed similarity between the solid alkanes and the alkylsilane
monolayers indicates the carbon chain remains intact when the
monolayer is formed. This is in good agreement with previous
data from reflection-adsorption infrared spectroscopy studies.2
It is also evident from the valence band that the reaction
between the alkylsilanes and the Au surface involves the Au
5d electrons. Though the Au 5d feature is convoluted by overlap
with the Si 3p and C 2p orbitals, subtraction of the clean Au
spectrum results in a difference spectrum (Figure 4D for
octylsilane on Au) that does not reproduce that of the alkyl-
silane.24 A negative feature is observed in the difference spectra
correlating to the Au 5d5/2 peak. A similar negative feature for
the Au 5d3/2 peak is expected, though not observed. This is likely
due to overlap with the photoelectrons emitted from the C 2p
and Si 3s and 3p orbitals. As the photoelectron cross sections
of these orbitals is not known at 160 eV, an accurate decon-
volution of the spectrum into the constituent peaks cannot be
performed. No change is observed for the Au 6s electrons (∼0
eV), suggesting the Au-Si bonds in the monolayers do not
involve the Au 6s electrons.
Photoelectron Attenuation. Bouguer-Lambert’s law of
exponential attenuation for an electron beam traversing an
overlayer together with known attenuation lengths of electrons
have been successfully applied to experimental data to extract
thickness information in the 1-10 nm range using photoelectron
and/or Auger peaks.25,26 Bain and Whitesides measured the
attenuation length of the photoelectrons in the 900-1400 eV
range using self-assembled monolayers of alkanethiols on gold21
by means of XPS, and Laibinis, Bain, and Whitesides extended
these measurements to similar monolayers on copper and
silver.27 Beard and Brizzolara reported similar measurements
and discussed the possible sources of errors and methods to
correct them.28 A recent study by Lamont and Wilkes extended
the measurement of the attenuation length of electrons down to
50 eV by utilizing synchrotron radiation,29 whereas Kappen et
al. developed a model for correcting for surface roughness and
tested it on various purposely roughened model surfaces.6 The
variability of the photoelectron attenuation length can be used
to determine whether an adsorbate has formed a monolayer on
a surface.30 A number of methods have been proposed to model
the attenuation of the photoelectrons through solids31 and
through an overlayer.29,32
The intensity of photoelectrons is exponentially attenuated
by an overlayer of thickness,d according to
whereλ is the attenuation length of the electrons traversing the
overlayer, assuming a uniform overlayer thickness.25 For
hydrocarbons,λ varies between 5 and 25 Å in the energy range
of 50-1000 eV and follows the so-called “universal curve”33
with a minimum around 100 eV.25,29 If one assumes the
monolayer thickness to be similar to alkanethiols,34 values ofd
) ∼11 and∼22 Å can be employed for the monolayers of
octylsilane and octadecylsilane on gold andd ) ∼9 and∼20
Å for the monolayers of octane and octadecane on silicon,
respectively.21 Tabulated values for experimentally measured
attenuation lengths employing alkanethiols on gold were
utilized.29 The overall shape of this curve, particularly the
minimum at∼100 eV, results from the photon energy depen-
dence of the electron attenuation length. This dependence is
related to inelastic electron scattering processes occurring as
the photoelectron traverses the overlayer.35
In Figure 5A, the measured Au 4f intensity normalized to
metallic gold is directly compared to the calculated Au 4f
intensity as a function of the kinetic energy of the photoelectrons
in the 50-260 eV range (photon energy of 160-360 eV). Over
this range, the electron attenuation length through a hydrocarbon
overlayer increases by a factor of 2, from 6 to 12 Å.6 Similar
calculations for the Si 2p intensity together with the measured
values are given in Figure 5B. Although the experimental data
do not coincide with any of the calculated curves, it does fall
within an appropriate range and possesses the general shape of
the “universal” curve. Plots such as these are inherently limited
by the assumptions in the formulation of the model system. The
calculations are performed assuming an ideally flat surface and
a perfect crystalline hydrocarbon overlayer. As the experimental
data were obtained for a sample prepared on an evaporated Au
surface, the differences in the experimental and computed curves
are remarkably small. Although a precise value for the distance
Figure 4. Valence band region for (A) octylsilane on Au, (B)
hexylsilane on Au, and (C) freshly evaporated Au. (D) Difference
spectrum of octylsilane monolayer valence band (A) after subtraction
of clean gold spectrum (C). C 2s features observed for solid-phase
hexane and octane are indicated (from ref 23) in the spectra of the
hexylsilane and octylsilane monolayers, respectively. These features
are still observed after subtraction (D). The negative feature in spectrum
D results from a change in the electronic structure of the Au 5d electrons
after reaction with the silane.
TABLE 2: Observed Peaks in the Valence Band Assigned to
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that photoelectrons traveled through the hydrocarbon overlayer
cannot be determined for the alkylsilane monolayers, the data
can be used to assess the degree of surface coverage.
In the case of the octylsilane, the degree of attenuation of
both the Au and Si photoelectrons indicates there is∼10 Å of
hydrocarbon that must be traversed (Figure 5). This agrees well
with the length of octylsilane when the alkyl chain is fully
extended (∼11.6 Å). The octadecylsilane data also exhibit a
general agreement with the plot of a 24 Å thick hydrocarbon
overlayer, though very small attenuation differences are pre-
dicted for overlayers greater than∼20 Å in the range of
photoelectron kinetic energy employed. Also evident from
Figure 5, the data do not agree with the predicted intensity for
a ∼3 Å thick overlayer. As the possibility of multilayer
formation has been effectively ruled out by the fwhm of the Si
2p and C 1s core levels, the difference between the experimental
data and the∼3 Å calculated curve eliminates the possibility
that the alkylsilane molecules are oriented nearly parallel to the
surface.36
Photoemission measurements using synchrotron radiation are
more difficult to quantify than conventional source experiments
due to various parameters such as beam stability, energy
dependence of the atomic photoelectron cross section, charac-
teristics of the monochromator, and the variation in photon flux,
although the experimentally determined intensity ratios can be
corrected for many of them. On the other hand, the ratio of the
normalized intensities is more reliable as the above-mentioned
experimental factors cancel out. Hence the variation in the ratio
of the Au 4f intensity of octadecylsilane to that of octylsilane
as a function of electron kinetic energy is an inherently more
reliable experimental parameter to compare with the model.
Accordingly, for Au 4f and Si 2p these ratios become identical37
and of similar shape to the intensity variation itself:
Another point to consider is the partial coverage of the substrate
(gold) surface, which can also be modeled:
whereR is the fraction of the surface covered. According to
this model, the ratio of the normalized intensities
is a very sensitive function of coverage. Even whenR ) R’ )
0.9, the coverage deviates strongly fromR ) R’ ) 1, as shown
in Figure 6, which shows 90, 95, 97, and 100% coverage (lines)
together with the experimental values (filled symbols) obtained
for the Si 2p and Au 4f core levels. Calculated values ofI(A)/
I(A)′ with eitherR or R’ < 0.85 or disparate values ofR andR’
do not reproduce the experimental data as well asR ) R’ )
0.9. By comparison of the experimental data with the theoretical
curves generated using eq 4, it is estimated that∼95-97% of
the Au surface is covered by the alkylsilane monolayers.
Figure 5. Plots of normalized photoemission intensity versus electron kinetic energy for the (A) Au 4f7/2 and (B) Si 2p3/2 core levels of octylsilane
(]) and octadecylsilane (0). Data are normalized to clean Au and Si (100), respectively. Also plotted are the calculated normalized intensities for
photoemission from a surface with a hydrocarbon overlayer of thickness 3 (b), 6 (×), 9 (9), 11 ([), and 24 Å (2). The experimental data for
octylsilane agree reasonably well with the 9 and 11 Å cases. Photon energies of 160, 200, 240, 280, 320, and 360 eV were employed.
Figure 6. Experimental monolayer coverage based on photoelectron
kinetic energy. Also plotted (from eq 4) are calculated intensity values
for single phase surface coverages of 90, 95, 97, and 100%. The Si 2p
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Conclusions
The orientation and coverage of alkylsilane monolayers of
various chain lengths on Au has been studied using synchrotron
radiation. On the basis of the narrow fwhm (0.4 eV) of the Si
2p core level, the Si atoms in the monolayers are in a chemically
homogeneous environment. The binding energy of the Si 2p
core level (Si 2p3/2 ) ∼ -99.8 eV) is slightly larger than that
observed for crystalline Si. This binding energy suggests that
no Si-H bonds remain in the monolayer. The Si 2p binding
energy and fwhm support a bonding geometry in which Si has
formed three bonds to the Au surface. The possibility of
multilayer formation can be excluded on the basis of the
homogeneity of the Si chemical environment required by the
narrow Si 2p core level fwhm. The attenuation of the emitted
photoelectrons from the Si 2p and Au 4f core levels indicates
that the electrons must traverse an overlayer to reach the
detector. The C 1s core level data are in agreement with this
proposed bonding geometry. For octadecylsilane, the longest
alkylsilane employed in this work, attenuation of the electrons
emitted from the C atoms near the Si atom is observed. The
valence band spectra of the alkylsilane monolayers exhibit a
high correlation with those of solid, straight chain alkanes
possessing the same number of carbon atoms. This is evidence
that the alkyl chain remains intact upon formation of the
monolayer and corroborates previous surface IR data. The
intensity of the Si and Au core levels obtained at various incident
photon energies agree qualitatively with the “universal” attenu-
ation curve. On the basis of the degree of attenuation of the Si
2p and Au 4f photoelectrons, the alkyl chains are oriented at
an angle with respect to the Au surface. Comparison of the
experimentally obtained ratio to the calculated ratio for the
surface coverage indicates∼95-97% of the Au is covered by
a hydrocarbon overlayer.
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